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Sunmary

A dilute solld solution of nickel centaining
chromium up to 4 wi% in the form of a plate was
internally oxidized at teuperatures between 900°
and 1300°C for various tiwmes in order to investigate
the growth and structure of the subscale formed.

The results obtained are as follows: (1) The relation-
ship between the penetration depth of oxygen observed
from the growth of the internally oxldized layer and

the oxldation time of the alloys was well expressed by

a parabolic law. It may be concluded that the activation
process ln internal oxidatlon is governed by diffusion

of oxygen through the internally oxlidized layer.

(2) The astivation energy for the growth of the internally
oxldized layer decreased with lncreasing solute content
in the alloys. (3) At high teuperatures, the velocity
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of internal oxidation increased, and the relation hetween

the temp%rature T and the penetration depth E was expressed
by E T4, (4) The penetration depth E increased with
increasing oxygen pressure Pp, in relation to log E log Poos
and it was explained by Seybolt's law. (5) The higher the
solute content, the more grain boundary diffusion prevailed.
(6) Diffusion constants of oxygen in the internally oxidized
layer were calculated by Vagner's equation. With increase of
the Crp03 content, the diffusion constant of oxygen increased.
This was explained by the interfacial diffusion of oxygen
between the nickel mabtrix and the Cr203 particles.

(7) From the results obtained above, the diffusion constant
of oxygen in pure nickel was deduced.

(Received 22 Noveuber 1966, )

I. Introduction

With respect to the phenomenun of internal oxida-
tion, ?v?rn since this phenomenum was discovered by
Rhines(1) in 1940, considerable research has been performed
in the- area of high temperature oxidation. For instance,
there are studles of the internal oxidation in alloys
where Al, 3i, Cr, %i Mg, Be, and other metals have been
added to Cu(é), Ag 35, or FelM). uith respect to the
internal oxidation of the nickel alloys, Bonls and
Grant(5) have internally oxidized nickel alloys containing
1 wt.® 31, Al, Ti, or Cr at 700°-9009C, wmeasuring the, .
depth of the internal oxiiation layer. Wolf and Evans(6)
also investligated the effect of oxygen pressure on the
development of internal oxidation in Ni-Al alloys. On the
other hand, alloys which have been made by the internal
cxidation wmethoed have dlspersed in thelr interior very
fine stable particles of oxides, such that this has
prompt?d a new area of study of dispersion-strengthened
alloys(7), From the standpoint of eventually making
nickel disperslon-strengthened allcys, that is, internally
oxldlzed alloys, the present investigation conducted
internal oxidation 8f chromiun-bearning nickel at
temperatures of 900 -1300°C, and studied the effects of
internal oxidation time, temperature, oxygen pressure,
and solute concentration on the internal oxidation velocity.
Also since the internal oxidation 1s due to diffusion of
oxygen in the nlckel, attention was also pald to the
behaviour of the oxygen, and finally, the diffusion
constant for oxygen in pure nickel was deduced.
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II. Experimental Method

The raw materials used for the experiuent consisted
of better than 99.98% electrolytic nickel and chromium,
better than 99.4%. Chemical analyses of the speciuens
are shown in Table 1.

Table 1 Chemlcal analysis of Ni-Cr specimens.

\\_\Cr content

— wt% of Cr vol% in CryOs

PYDPRE N JE S, [N

C Y062 1.5%
C1 1.01 24

c2 - 2.24 5.30
C3 3.06 71
C4 4.00 9.09

In the coluun where values are indicated in vol.%,
this is the volume-% of Crp0s3, into which all of the
golute atoms are assuwed to be internally oxidized.

The melting and casting of the speclumens was
prerformed with a high-frequency vacuum furnace.
The ingots thus obtained were hot-~forged, and homogenized
by annealing for 24 hours at 1100°C in a vacuuwm, and
then drawn down to 5um diameter wlre., This was further
rolled to 3.5mm thickness, and then cut into 50mm
lengths. The surface was then electrolytically polished
y ey in a solution of 50ce hydrogen peroxide and 200ce
glacial acetic acid at 0°C and 1.2 auperes current,
after which the speclmens were annealed at 1100°C for
12 hours to relieve internal stress and to enlarge
crystal size. The surfaces of the pleces were further
electrolytically cleaned before beilng used for
experiumentation.

The method of internal oxida?%gn consisted of
a modiflcation of the Rhines packt nethod, that is,
as shown in Figure 1, equal amounts of N1 powder and
N1O powdex were placed in the end of a siliece tube,
the sample was placed in the center of the tube, which
was then sealed and evacuated. The tube was then
heated in an electric furnace at 900°.1300°C for
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Fig.1 Experimental apparatus.

periods of 6, 12, 24, 48, and 72 hours with internal
oxidation resulting from the oxygen releaed by the
decoumposition of the NiO, Also as shown in Figure 1(b),
the teuwperatures of the oxygen supplying seetion and the
saaple were varied in order to vary the pressure of the
or.ygen being furnished for internal oxidation. After
internal oxidation was completed, the tube was broken,

the specimens were removed, a cross-section of the specimen
buff-polished, and the depth of the internal oxidation
layer was uweasured under an optical ulcroscope,

ITII. Experimental Results

Photo 1(a) shows the structure of C1 as a result
of internal oxidation at 1100°C. The deeper progression
of internal oxidation with time can be clearly observed,
In Flgure 2 are shown the results of measurement of
Penetration depth with an optiecal micoroscope. It is
seen that the depth of the oxidation layer increases
parabolically with time, which characteristic has been
reported previo?g}y in the oase of internal oxidation
of other alloys .
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1.01wt% Cr 1100°C 48hr 1.01wtZ Cr 1200°C 12hr

Photo, 1
(") Microstructures of Ni-1,01 wt
(b) Microstructures of Mi-1,01 wt
{t) Microstructures of Ni-4,00.,,:¢
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Microstructures of internally oxidized Ni-Cr alloys,

26 Cr alloys internally oxidized for 12,48 and 72 hr at 1100°C.

% Cr alloys internally oxidized for 12 hr at 900°,1200° and 1300°C.

% Cr,Ni-3,06 wt% Cr, Nl 0.62 wt% Cr lnternally oxidized for 12 hr at 1200°C.




&
~0
- °
£ :
% it
g w
3
w 2
© : . ! ne
: : e
o s 90Q°¢ l ' =
5 € . . >i--o o oo o
- a o V1 1000°c o
: 0 \.\l." : id _:.l:l—:.:. . 2
& n 0 ] P) 3 4 5
Cr Content N, (ot %)
Itig.4 Penetration depth E versus solute
.Tl me + (hr) . : content Ngy.
Fig.2 i}’rf];?\t!?rtr:g? (?:i%tar;ioEﬁ versus time ¢ ’ Decomposilion Temperature of N0 (*C) /
. i 900 1000 HOQ 1200 1300
9 T Tf LS L
246 ¢I *
14 ! 8 S
12 7 o noot 1-
- IR B e
8 8 :
&~ 1
A 10 %, 6 !
A " :
w g . w
"
v"v}} o =
[ >
S 6 Tz
~ ©
< <
<
o 4 .
a .
. o
2
o ]
900 1000 100 1200 1300 .
Temperoture T (%) 0

-12 -10 -8 N
log Po, fatm)

Fig.b Peretration depth £ versus oxygen piessure
Po, and decomposition temperature of NiO.

Fig.3 Penetration depth I versus temperature
T in internal oxidation.

[
B R T T T R S e s TR R

T TR g P e Sy



b

Tn Photo 1{b) is shown the result obtained with Ci,
where the teuwperature was varied for an internal
oxidation time of 12 hours. It is seen that the internal
oxidation layer grows rapidly with increasing teuwperature,
and the parabolic relation in this case is shown in
Figure 3. It 1s also seen that the temperature effect 1ls
stronger the swaller the concentration of the solute.

In Photo 1(c) is shown the structure of speclmens
with varying Cr content, the internal oxldahtion oseing
performed at 1200°C for 12 hours. In sample Ci, -thicn
has a high Cr content, the progress of internal
oxidation by granular boundary diffusion can be noted.
These relations are shown in Figure 4, It 1s seen
that there is a tendancy for the depth of the oxidatlon
layer to decrease parabolically with an increase in the
solute concentration., At the lower temperature of 900°C,
the effect of solute content is not too evident, but the
effect becomes wore pronounced with higher Cr content,

In Figure 5 is shown the variation involved when
the oxygen pressure required for internal oxidation
gradually reaches the decompositlon pressure of oxygen
in Ni0 in %the 900°-1300°C temperature range. From the
curve for sample Cl, which was internally oxidlzed at
1300°C¢ for 24 hours, there is a tendancy for the depth
of the internal oxidation layer to increase parabolically
with increasing oxygen pressure.

IV. Analysis of Experimental Results
1. Velocity of progression of internal oxidation layer

Internal oxildation is a preferred oxidation
phenomenum occuring at high teuwperatures, and the
following processes can be consldered with respect
to the developument of the internal oxidation layer.

(a) Reaction, where oxygen gas, adsorbed at the surface

of the alloy, becomes ionized and penetrates into the
interior of the wetal., (b) Reaction where the oxygen
passes through the internal oxidation layer and diffuses
to the oxidation front., (¢) Reaction where the oxygen lon
and the solute atom combine at the oxidatlion front to

form an oxide. The velooity of propagation of the internal
oxidation layer can be considered to be mainly governed

by the slowest of these three processes.
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If (a) is the controlling stage, then
(1/2)0, = (0] N or [0]=K' /Foy

where [0] is the oxygen in solid solution, and XK' is

the equilibrum constant. Up to the solubility of the
oxygen in the nickel, [0] is proportional to the square
root of the oxygen pressure, and therefore the

velocity of internal oxidation ls also proportional

to vPOo » In the present experiment, the oxygen pressure
was constant during the internal oxidation, and therex
fore, the depth E of the internal oxldation layer
should increase linearily with time.

If (¢) were the controlling stage, then
Cr(in Ni}+0(in N1) 2 Cr,0(in Ni)
[01'203 ] =K"a01..ao 9

where K" is the equllibrum constant, and apn, and 80

are respectively the activitles of Cr and in Ni.

If one assumes then that the condition of the oxidation-
front does not change, then at constant teuperature,

the reaction of oxide formation is constant, that is

to says, the oxidation velocity 1s constant. In this

case also, E becomes linearily related to time.,

On the other hand, if (b) is the controlling
stage, the oxygen lon diffuses through the wetal

.»Nis according to the gradient of the concentration or

proportional to 1/E, and therefore, as is well known,
the following parabolic relation applies,

E2=2At=Kt (1)

Here, A is a constant, t 1s tiume, and K is the veloclity
constant for the internal oxldatlon. Note that K depends
on the condition of the internal oxidation layer, that is,
as will be later described, it is proportional to 1/Npy,
at constant temperature, and proportional to E and Dg

for constant Cr content. The curve in Flgure 2 seeus

to match this parabollc law, and one therefore can
conclude that (b) may be the controlling stage.
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Now in attempting to deterﬁine K from the slcpe
of the curves 1n Flgure 6, one first notes that X way
follow Arrhenius' formula, that is

K=3Bexp(-Q/RT) (2)

where B 18 a constant, Q 1s the activation energy
necessary for the progression of internal oxidation,
T is absolute temperature, and R is the gas constant.

Q can be determined from the r:lation between 1lnkK
and 1/T, that is the slope of the curves in Figure 7,
and the results are shown in Table 2, It 1s seen that
there 1s a tendancy for K and Q to decrease with
increasing Or content(NCP). The decrease of Q in this
case is due to enhancement of oxygen diffusion by
increased dispersed particle density which increases
'Wi th NCI»Q

The decrease of K accompanying an increase in Nop
1s due to the decrease in @, which weans that although
the oxygen 1s more easlly diffusion Ngp is larger than
the oxygen which is supplied to the oxidation front,
such that the cross section of capture of the oxygen
atoms by the solute atoms inoreases, and together
the progression of the internal oxidation layer is

thus retarded.
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Fig.7 Logarithmic plot of the internal oxidation
velocity constant K versus reciprocal of
the absolute temperature T'.

Table 2 Activation energy @ for growth of the
internally oxidized layer in Ni-Cr alloys,

Nee! 07 114 | 242 | 344 | 449
Q .| at%Cr | at%Cr | at% Cr | at%Cr | at%Cr

kealfmol | 69 | 66 | 63 61 60
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2. Dispersion of oxygen in the dispersion layer

According to Wagner(9), the developuent of the
internal oxidation layer depends strongly on the
dispersion of the oxygen, and E can therefore be
expressed in the following foru.

E=2 7 (Dot ) 1/2 (3)

Here, 7 is a constant, Do is the dispersion constant
for oxygen in an isotropic dispersion layer. Vagner
considered a density distribution such as shown ln
Figure 8, and using Ffick's dispersion formula, and
considering the diffusion to the oxidation front

of the oxygen in solid solution in the dispersion
layer and the sclute atons,

No= N, {1—erf L/2(Dot) 7) ferf 1 } (L)

Nu=Npg {1 —erf(x/2 (Dut) 12) Jferf (rp) 112} (5)

Here, ¥ 1s the distance from the surface of the speciw 21,
N and N, are respectively the d?nsities of oxygen and
solute a@oms at distance X ( is the oxygen density
in the surface layer, N ( ) is the solubte density prior
to internal oxlidation, which coiresponds to Ng, in

the present experiuwent, Dy is the dispersion constant
for the solute atom. One also has

(P =Do/Dy (6)

Let us now assume that Jjust the proper amount
of oxygen and solute atous have flowed into the
oxidation front to form ar oxlde, then,

1% (Do (0No/02) 5= e) =

].‘210 (¥ Dy (ONm/0%) s Er¢) ( ” )
sar. -;'El" g.i'.‘”"‘ bad [ O i ‘t_-:‘—'i”::“%"._ _9....__.?»44 T, e w“"‘":#w ‘"':'w.:; ,7: ‘




Fig.8 Schematie representation of Wagner's
internal oxidation model,

Here, is an infinitesiuwal distance from E, L/ is
the mole ratio of the oxygen and the solute aton
in the oxide, that is ¥V =0/M. Then substituting
(4) and (5) into (7), one has

NG vy =exp (ri) exd 1/pVt exp (rip) erf (rpif)

(8)
; Vs o ot
Ir §y& | , )’(f, 2>> | » then approximately
erf pox (2/n40)r, exp(r?) axl ( 9)
p.ff n,»l/?;,y[exp-- ()7‘ ) 3/,,!12,@)/5 ( 10)
Furthermwore, if (8), (9), and (10) are substituted
into (3), one has
Ex=(2 Nn(')Doi/uN,(';']m (11)
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In any event, the above equation derived by Wagner
neglects mechanisms (a) and (¢), and assumes that there is
alwsys an amount of oxygen N 5 at the surface, and that
with the proper amount of oxygen and solute atoms for forming
an oxide present, this oxidation takes place immediately,
that is to say, that the oxygen diffusion process is the
controlling mechanisnm,

As previously described, since oxygen diffusion was
found to be the controlling stage in the experiment, our
analysis proceeded on the basis of Wagner's formula, but
first let us consider the validity of the condition

i
2/411, ;‘gf >1 in the present experiment.
For example, for specimen Ci in Figure 6, K=k, 0x10™7
for 1100°C, and therefore B2=l,0x10~%t, If one uses as an

approximation the diffusion constant for oxygen in puge nickel
obtained by Smithels et 21(10), Do 1100°C .. 2 4x10-8em®/sec,

then from Bquation (3), (2 3’)2;-4 0x10"9/2 lx10-8al f24, or
Y=V1/24 € 1, Also using Tyntrynik and Estulint's results(ll),

Dél{oo C « 2.0x10" 1 en®/sec, one has r¢ a )/(DO/DM)Z"* 50 > 1.

Therefore, the conditionis for deriving Equation (11) are
sufficiently met.

Or the other hand, from Equations (1) and (11), one

has
Dy=vN§) K/2 N®
(12)
oy Also, it was assumed at the beginning that the oxygen atoms
ol L) . L] s Ky
. diffused through an isotropic homogeneous dispersion layer, but
as coan be seen in Photo 2, there is considerable difference
between the surface layer and the interior with respect to
particle size and distribution.
o "
Al s N oyt T
Lt e T AU
) surface —3 X
Photo.2 Microstructure of Ni-1.01wt%Cr alloy inter-
nally oxidized for 24 hr at 1160°C.
N R NG N~ A I S . Rt



e shall neglect such differences here however, and
attewpt to calculate Dy in Eduation (12). Here, we
take 1V =3/2 since Cr,03 1is the oxide being formedt
and the oxygen solubility limit will be taken for Ng'S)(12),
The values thus obtained are shown in Figure 9. Note
that noruwally Crz03 denslity should be the absclssa,

but the Cr content was taken since this does mot change
the point of intersection with the abscisss, and the
general character of the graph is not changed although
there 1s a slight change in the slope of the curves,

It 1s seen that Dg increases with Cr content, that is,
with particle density, the dependence being uwore
pronounced at the lower temperatures. If Dg were
independent of particle density, the curves in

Figure 9 should be parallel to the absclssa axis

for all teuperatures; but since Dp is particle density
dependent, let us divide the internal oxidation layer
into the pure nickel region and the particle region,
and let the activation energles for diffusion through
these two regions be respectively Qq and &,, then

po= fexp (- Wy ) + BLT, My, Derp (-a/c )

It can be seen that Do can be expressed as the sum
of the first ternm yepresenting the diffusion of
oxygen in pure nickel, and the second term, which
1s dependent on particle density.

It is also seen that in internal oxidation,
grain boundafy diffusion is active at lower
temperatures(13) and with higher solute densities.
In Figure 9, this stronger dependence of Do on Nop
at lower teuperatures can be observed, From these facts,
1t would seem that the larger the numbex or diffused
particles, the larger the number of incoherent
boundaries between the particles and the parent phase,
and since these boundary surfaces act the same as
grain boundaries, D, naturally becomes more strongly
dependent on Na.,.(particle density) at the lower
teuperatures. X% the higher temperatures, however,
grain boundary diffuslon is no longer effective in
the diffusion of the oxygen, and since volume diffusion
douinates, the dependence of Do on Ngp tends to disappear.
In other words, thls seems to be the explanation for
the independence of Do from Cr content ln Figure 9
at temp?r tures above 1200°C. There are a few recent
reports(2) concerning the enhancement of diffusion by
the presence of diffused particles,
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g, (em®/sec)

Cr Content N, (at%)
Fig.9 Effect of Cr content in Ni on the diffusion
constant Dy of oxygen in the internally
oxidized layer.

The value of the diffusion constant extrapolated
to Cr density zero can be considered as the diffusion

constant for oxygen in pure nickel. These values (10
are given in Table 3., The results by Smithells et al

concerning the diffusion of oxygen in pure nickel are
also listed for reference. It is seen that our
experimental values are four to six tiwmes larger than

their values.,

Table 3 Diffusion constant D of oxygen in pure Ni,

The present | ™. R X
T . in\'gsﬁglaiie;ln 'I'\\ Smithells & Ransley
© 9000 |74 x 10-10emt/sec] 900°C | 15 x 10-10 cm? foue
1000°C | 69 x 10-10 f// 950°C| 6.8x10-w cm///Sec
1100°C | 63x10-Y » 1000°C | 2361010 4
1200°C [ 37 x 10 & 1050°C | 78.0%x10-10  »
1300°C [ 16x10~Y &
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3. Oxygen diffusion activation energy

Using Arrhenius' formula, Dp can be approximately
expressed as follows.

Dy = D*exp(-Qo/RT)

Here, D* is a constant, Qy is the activation energy for the
diffusion of oxygen in the dispersion layer. From the slopes
of the curves in Figure 10, Qp can be determined, and these
values are given in Table 4,

Temporotuvre (V)
4 1200 100 1000 200 800
T T T -

10 - T
-1
10}~ o
< .
»
"
} :
[ 3
<
~8
o 10
r 70 80 90

10°/7 (%)
Fig.10 Diffusion constant )y of oxygen in the
internally oxidized Jayer versus reci-
procal of the ahsolute temperatuer T,

Table 4 Activation energy @ for diffusion of
oxygen in the internilly oxidized layer.

. Cr% !o.ma% 1.14at%)| 2.42at%] 343412 4.49 0%
e N N
keal/mol | 688 | 661 | 6.9 610 | 606

- g e -
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Comparing this with the values of @ in Table 2, one

finds that there is a good agreement. This agreement,
that i1s a comparison of Qys which was based on the
agssumption that diffusion of oxygen was the controlling
process, and Q, which was obtained experiuwentally without
any such assumption whatsoever, ssems further proof

for accepting the premise of the previously described

(b) being the controlling process.

In Figure 11 are shown the activation energy values
calculated similarly from the values of D in Table 3.

Temperoture (%)
1300 1200 N00 1000 900
T '

I
O The present Investigation
o Smithelts, Ransiey

1077

"

O (em?/3ec)

10

70 00 90
10771 (%)

I"ig.11  Diffusion constant D of oxygen in pure
Ni versus reciprocal of the absolute
temperature T,

It 1s seen that the diffusion constant f0£ oxygen in
pure nickel can be expressed as D=1,82<10exp(~-72000/RT],

and that the activation energy is 72 kecal/mol,

-17-
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The latter value 1s some 9 keal/mol smaller than. the
81.4 keal/mol gRgained by Smithell and others(10),
Messner et al report a self-diffusion activation
energy of 69.7 keal/wol for a simple nickel crystal,
This value somewhat reseubles the 72 kecal/mol figure
obtained in our experiments, and it could be assumed
that oxygen diffuses in nlckel in a manner siwilar to
the self-diffusion mechanism for nickel.,

h,Effect of solute density on internal
oxidation velocity

If internal oxidation occurs at constant
tempexatuxe and for a fixed period of time, then from
%u?ti (11), one obtains,a relation between E and

NM namely E o¢ 1/ V/NH » This expresses the
relation already shouwn previously in Filgure 4., This
means that for a glven amount of oxygen which has
diffused to the oxidation-front, the collision
probability for oxygen and th? iolute atoms increases
only as the square root of Ny‘S/,

5. Effect of temperature on internal
oxidation velocity

Let us conslder an alloy with fixed solute
density which has been internally oxid z d for t hours.
In th%s case, Do—D*exp(-Qo/RT), and N varies
as Ng $)ayT+Y(X and Y.are constants) gn the teuperature
xange 900°-3300°C 12), so that Equation (11) can be
expressed in the following wmanner,

1n E=(1/2)1a[2(XT+Y)D*/ Y Nap(S) 1 - qo/RT

The first term on the right is only weakly dependent

on temperature so that ln E and 1/T are liaearly
dependent, Vihen the data in Figure 3 is replotted

in terms of 1n E and 1/T, this relation becomes quite
evident, This means that the factor Dy is wainly
responsible for the teuperature dependence of the
internal oxldation velocity., The relation between E

and Do ls, from the above equation, E ocexp ( ~Q0/BT) s
in other words, the internal oxidation ve%ocity
incereases exponentially with the teuperature.

)
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6. Effect of oxygen pressure on the internal
oxidation velocity

Generally speaking, Seybolt's rule holds for
the adsorption of gases by wmetals, that is,

0, == 20(in Ni)
or NO= /X Bo,

where k'=( ao » and ap=Npe Substituting this
into Equation ( ??, one has

2ln E=1n[2Dgb vﬁjﬁ;Ncr(s):]ﬂ*%zikv¥kb

In Flgure 5 in the current experiment, 1f the internal
oxidation temperature is lower than the NiO
decomposlition teuwperature, for instancg say the
Internal oxidation temperature is 1100-C but the
NiO decoumposition temperature is higher than 1100°C,
there is some scattering of the data pointvs, This
1s probably due to the fact that, the oxygen pressure
at the surface is higher than NoS), such that
Internal oxidation 1s occurring simultaneously with
the oxidation of the parent nickel phase. On the
other hand, when the intexrnal oxidation teuwperature
ia lower than the N10 decowposition temperature,
for instance 1f the internal oxidation temperature
ok is 1300°C, then E is proportional to log Pg, and it
, & inoreases parabalically. If this relation s replotted
‘ in terms of 1ln Pp, and ln E, one has a linear relation,
which agrees with the above derived formula. In any
event, when the oxygen pressure is less than the
solubility, Seybolt's rule holds and 1ln E is proportional
to In POza since the oxygen molecules becouwes atous
and dlssdlve in the nickel,
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Ve Conclusions

Nickel alloy bearing 0.62 to 4 wt%h Or was internally
oxidized at teuperatures of 900° to 1300°C, the progress
observed, with the followlng results being obtained,

(1) The internal oxidation velocity varied
parabolically with time, This wmeant that the diffusion
of oxygen through the internal oxldation layer was
the process controlling the progress of internal
oxidation.

(2) The intermal oxidation veloclty increased with
higher internal oxidation temperatures, the relation
between the teumperature T and thg depth of the oxidation
layer E being found to be E o T4, This was consldered
to be due to the temperature dependence of the diffusion
constant for oxygen in the internal oxidation layer.

(3) The internal ox ida%i?n velocity was larger
for lower solute denglty Ny the relation bvelng
roughly E v 1/ /Ny " a¥so the inbernal oxidation
veloclty constant K and the actlvation energy Q wersz
smaller for larger solute densities.

(4) The higher the solute atcm density, the wore
signiflicant was internal oxidation due to grain
boundary diffusion.

(5) Using Viagner's formula E= [ZNQ(S)Dot/p'N (S)]j"/2
when one calculates  the diffuslon constant Dgp of oxygen
in the dispersion layer from the internal oxidation
velocity constant K, one finds that the diffusion constant
is large for high dispersed particle denslty, and that
this trend is wore pronounced at lower internal oxidation
temperatures, This is assumed to be due to the fact
that the boundary between the oxide particles and the
parent wetal phase tends to enhance diffusion.

(6) From the diffusion constant Dy for oxygen
in the dispersion layer, one can oalougate the diffusion
constant for oxygen in pure nickel., This is

D=1,82x10%exp (=72000/RT) omn?/sec
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(7) vinen the osygen pressure is less than the
gsolubllity of oxygen in nickel, the depth of the internal
oxidation layer increases wlth the oxygen pressure ag
log B log Poz. This is assumed to be due to the fact
Seybolt's rule holds with respect to *he infusion of
oxygen gas into the nickel,
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